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INTRODUCTION.
In  the  present paper  certain  principles  involved  in  the  operation
of the oxidation-reduction  systems of anaerobic  bacilli are illustrated
by  the  action  of  these  bacteria  upon  oxyhemoglobin,  hemoglobin,
and  methemoglobin.  Certain  relations  and  differences  between  the
oxidizing-reducing  action  of  anaerobes  and  of  pneumococci  are  evi-
denced  by a comparison  of the action of these two groups of bacteria
upon  blood pigments.  The  oxidizing-reducing  action of plant  tissue
is illustrated  by experiments  on  the oxidation-reduction  of the blood
pigments by the sterile potato.
Now that the physical-chemical  relations between  oxyhemoglobin,  hemoglobin,
and methemoglobin  have been made  more  clear by  the recent  study of  Conant
(1) it  is  possible  to  illustrate  microbial  oxidation-reductions  by  the  action  of
bacteria  upon  these  blood  pigments  (2).  The  conversion  of  oxyhemoglobin  to
hemoglobin is a deoxygenation  and in a dosed system may be used as a measure
of  the  consumption  of  molecular  oxygen.  The  conversion  of  hemoglobin  to
methemoglobin  is a true  oxidation in the electronic sense  and it seems that this
reaction,  under defined conditions, may be interpreted  as an index of the forma-
tion  of  oxidizing  agents.  Since  methemoglobin  is  changed  to  hemoglobin  in
systems  of sufficient  reducing  power,  this reaction may be used as a measure of
reduction  activity.  All  of  these  reactions  may be  followed  quantitatively  by
the refined  gasometric methods  employed in blood gas  analyses.
In  the preceding  paper  (2)  the oxidizing-reducing  activities  of Pneumococcus
were demonstrated by the changes induced in blood pigments.  An investigation
on the action of anaerobic bacilli upon the blood pigments  should likewise reveal
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some of the principles governing the operating  of the oxidation-reduction  systems
of anaerobes.  Oxidation-reduction  systems  of  the  same  general  type  as  those
found in Pneumococcus probably constitute a part of the total oxidizing-reducing
equipment of all bacterial cells.  In the case of anaerobic bacteria, the conditions
limiting the operation  of the oxidation-reduction  systems of the  cell  seem to be
similar  in  nature  to  those  obtaining  for  Pneumococcus.  Both  anaerobes  and
pneumococci  can grow at greatly reduced oxygen  tensions or in fact in the com-
plete absence of molecular oxygen.  Moreover, neither of these groups of bacteria
is  equipped  with  the  enzyme catalase  which  is commonly  present  in  almost  all
microorganisms.  A  further  relation  is  suggested  by  the fact  that exposure  to
air, which  is known to be  toxic to  many of  the strict anaerobes,  also results in
the inactivation  of  enzymes  and other  constituents  which  are  involved in the
life and growth of pneumococci  (3, 4).
Although  much  valuable  knowledge  concerning  the  growth of  anaerobes  has
accumulated,  the  whole  question  of anaerobiosis  is still open.  The subject  has
recently  been  presented  from  a broad point  of view in  a review  by  Clark (5).
Two  facts,  however,  are  established:  that anaerobes  can  grow in  the  complete
absence  of  molecular  oxygen,  and  that  exposure  to molecular  oxygen  proves
definitely  toxic  to some at  least of  the more  strict anaerobic  bacteria.  In  ex-
planation of this latter phenomenon Avery and Morgan  (6)  have suggested that
the toxic effect  of exposure to air upon anaerobes is due to the action of peroxides
upon  the  peroxide-sensitive  anaerobic  organism.  Similar  views  have  been  ex-
pressed by McLeod and Gordon (7) and by Callow (8).  Anaerobes are apparently
devoid  of  catalase  and  peroxidase  enzymes'  and moreover,  the  anaerobic  cell
which  in its usual environment  does not encounter peroxides  may be  especially
sensitive  to  such  substances.  In  support  of  their  theory,  Avery  and Morgan
(6) have  grown  strict anaerobic  bacilli in media fully exposed  to  air,  but which
contained  substances  possessing  a "peroxidase"  action.  If  such  substances are
not present, not only do the anaerobes  fail to grow in the medium but  they  are
rapidly  killed.
EXPERIMENTAL.
Methods.-The  present  study  has  been  made  with  strains  of  B. histolyticus
and  B. aerofetidis.  The strains  used  are  strict anaerobes.  Inocula of  0.5  cc.
of a young,  actively  growing culture  of either' of  these strains fail  to grow  and
ultimately die when introduced into 5 cc. of meat  infusion broth in an ordinary
culture tube.  The  cell suspensions  used in the following  experiments  were  pre-
pared  by centrifuging young, actively  growing anaerobic  cultures  (5 to 8 hours),
' It has been observed by Avery and Morgan  (unpublished  experiments)  that
Pneumococcus  also  contains  much  less  peroxidase  than  do most  bacteria.  We
have made similar observations of  a lack of  peroxidase  in the  cells  of a number
of  anaerobic  bacilli.
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which  by repeated transfers  in broth at short  intervals had been  rendered  prac-
tically  free from  spores.  Precautions  were taken  during  the preparation  of  the
cell suspensions  to reduce exposure  to air to a minimum.
Analytical Methods.-The "oxygen  content"  analyses  and hemoglobin  deter-
minations  by "oxygen  capacity"  were  made  by  the methods  described  by  Van
Slyke  and Neill  (9).  The determinations  of  hemoglobin  by "carbon  monoxide
capacity"  were made by  the procedure  described  by Harington  and Van  Slyke
(10).  "Total pigment"  (HbO2 + Hb  + MetHb) determinations were made by
Stadie's  colorimetric method  (11).
Owing to  the  marked oxygen-consuming  powers  of  anaerobic  cells,  consider-
able  care was  necessary  to  obtain  satisfactory results in  the determinations  of
the  "oxygen  capacity"  of  hemoglobin  solutions  containing  large  numbers  of
anaerobic bacteria.  Satisfactory results were obtained by making the saturations
at low temperatures (0-50C.)  and rapidly transferring the oxygenated  hemoglobin
to  the  analysis  pipette  of  the  apparatus.  Most  vigorous  aeration  and  rapid
admission of the sample  are  necessary  to maintain complete  saturations.  Both
theoretically  and practically,  "carbon  monoxide capacities"  are to be preferred
to "oxygen capacities" as measurements of hemoglobin under these conditions.
Consumption of Molecular Oxygen and Establishment of Reducing
Conditions by Anaerobic Bacilli.
It is a common  laboratory observation  that if very large numbers
of anaerobic bacteria are taken from an anaerobic culture at the height
of its activity, growth may be induced in ordinary culture media with-
out  any  precautions  for  the  exclusion  of air.  Under  the  same  con-
ditions  smaller  inocula  fail to grow.  This phenomenon  seems  to  be
explained  by the fact, pointed out in Clark's review  (5), that actively
growing anaerobic cells, if not overtaxed, can establish their own reduc-
ing conditions  even in the presence  of a certain amount of molecular
oxygen.2 These relations  can be illustrated  by the  following  experi-
ments,  which  demonstrate  the rapid  consumption  of  molecular  oxy-
gen and the establishment of reducing conditions by actively growing
anaerobic  bacteria.
2  The  addition of a large number of bacterial cells to culture media furnishes
a system  of  considerable  oxygen-consuming  and  reducing  power.  Unless  the
liquid is  vigorously  and  constantly  agitated  with  shallow layers  exposed  to  the
air,  it is probable that the culture  is never exposed to the oxygen  tension of the
atmosphere.
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In  the  typical  experiment  reported  below,  a suspension  of  anaerobic  bacilli
was  added  to  a  tube  containing  oxygenated  laked  blood.  In  such  a  system,
the anaerobes are confronted not only with the usual amount of molecular oxygen
dissolved  at atmospheric tension,  but with  a  considerable  reserve  of molecular
oxygen which  is dissociated  from  the  oxyhemoglobin  upon the  consumption  of
the  dissolved oxygen.  The  system  containing  this  reserve  oxygen  supply was
sealed after the addition of the anaerobic bacilli.  Subsequent  determinations  of
the "oxygen content"  of the system  were made to test the consumption  of  the
molecular oxygen;  gasometric hemoglobin  analyses  ("oxygen  capacities")  were
made to determine  if any hemoglobin  was destroyed by products  formed  in  the
oxygen-consuming  reactions.
The results of a typical experiment  are tabulated in Table I.
TABLE  I.
Consumption of Molecular Oxygen and Establishment of Reducing Conditions by
Anaerobic Bacilli.
Original.  After 2 hts. at 37°C.  lemo.
Reaction mixture.  O  :o  Ferrous  Oynged.  o
content  lob  content  globin  inethemo-
(lb)  '~j  HO+(Hb  +  O 2 +  globia.
o02.  02_  _
mnM  m  SYMI  m  m M
3 cc.  suspension  of  anaerobic  cells  4.09  3.80  0.0  3.75  4.09
(B.  hisiolyticus)  +  6  cc.  sterile
laked blood.
3cc. broth +  6cc. sterilelakedblood.  4.09  3.80  4.00  3.83  0.09
As  evidenced  in Table I, the anaerobes  consume  every  detectable
trace of molecular oxygen and soon exhaust  the reserve  oxygen  fur-
nished  by the oxygen  dissociation  of oxyhemoglobin.  If young, ac-
tively growing cells are used, all of the oxyhemoglobin  is deoxygenated
with surprising  rapidity.  Naturally  enough, there  is a  limit to  the
"capacity"  of the  anaerobic  cells  to establish  reducing  conditions  in
the presence  of  a reserve  supply of molecular  oxygen.  The reducing
action is resident in the cells, and, in experiments in which small num-
bers  of cells  are introduced  into systems  containing  a large  amount
of reserve oxygen, all of the oxyhemoglobin is not deoxygenated.
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Reduction of Methemoglobin by Anaerobic Bacilli.
In the experiments for which the protocol  given in Table II serves
as an example,  suspensions  of anaerobes were  added  to solutions  of
methemoglobin.  As  indicated  in the preceding  experiment,  the  an-
aerobes  can  establish  their own  reducing  conditions  in systems con-
taining  to  begin  with  a  considerable  supply  of  molecular  oxygen.
Hence,  it is  not  necessary  to use  methemoglobin  solutions  entirely
free  from  oxyhemoglobin.  Results  similar to  those  given  in Table
TABLE  II.
Reduction of Methemoglobin by Anaerobes.
Reaction mixture.
10 cc.  methemoglobin  solution  (mix-
ture  HbOl,  Hb,  and MetHb)  + 5
cc.  suspension  of  anaerobic  bacilli
(B. histolyticus).
Control.  5 cc.  methemoglobin  solu-



































* Total  hemoglobin  minus ferrous  hemoglobin.
II  are  obtained  in mixtures  of  oxyhemoglobin  and  methemoglobin,
provided  active cells in sufficient  numbers  are used and the  system
sealed to prevent continued access  of air.
The data presented in Table II illustrate  the reduction  of methe-
moglobin to hemoglobin by the reducing activity of anaerobic bacilli.
The hemoglobin  formed from the methemoglobin  may be determined
gasometrically  by  converting it  either  to  oxyhemoglobin  or  to  car-
bon monoxide  hemoglobin.
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to illustrate the reducing action of anaerobes was a product formed  by
the  spontaneous  alteration  of  sterile  hemoglobin.  Similar  results
have been obtained  in experiments  in which the methemoglobin  was
formed  by  the  oxidizing  activity  of  pneumococci.  Suspensions  of
Bacillus coli can likewise serve  as reducing agents in  the transforma-
tion of methemoglobin  to hemoglobin.
Influence of Oxygen Tension upon the Oxidation-Reduction of Hemo-
globin and Methemoglobin by  Anaerobic Bacilli.
Owing  to the  pronounced  reducing  activity  of  the  anaerobes,  a
mixture of the bacilli and hemoglobin can be maintained  at a definite
tension of molecular oxygen only in a system which is kept constantly
saturated  with  a known  gas  mixture.  With the  cooperation  of Dr.
A. Baird Hastings, a number of experiments have been made in which
mixtures of anaerobes and hemoglobin were maintained at known ten-
sions  of  molecular  oxygen.  This  was  accomplished  by  continued
saturation in large tonometers,  with  the  technique  employed  in the
study  of  gas  and  electrolyte  equilibria  of  the  blood  (16).  The
data obtained in one of these experiments  are presented in Table III.
Complete details of the procedure will be given in a subsequent paper.  Aseptic
technique  was used throughout.  Under these conditions it was possible to carry
through  without  contamination  the preliminary  saturation,  admission of anae-
robes to  tonometers,  and the final  saturation up to the point of actual  analysis
at the end of the experiment.  Subcultures were made on all mixtures just before
analysis  and  they proved absolutely  free  of aerobic microorganisms.
The  results  presented  in  Table III  demonstrate  that  significant
amounts  of  methemoglobin  are  formed  in  a mixture  of hemoglobin
and  anaerobic  bacilli  if  the  mixture  is  maintained  at the  optimum
oxygen  tension  for  the  reaction.  It  is  interesting  to  observe  that
anaerobic  bacilli  which  induce  such  strong  reducing  conditions  in
the absence of molecular oxygen, do oxidize hemoglobin to methemo-
globin  in  the  presence  of  molecular  oxygen.  Apparently,  the  op-
timum  conditions  for the oxidation  of hemoglobin by anaerobes  are
the  same  as  those  previously  shown  for  pneumococci.  These  con-
ditions are  fulfilled only when  the mixtures are constantly  saturated
at oxygen  tensions  sufficiently  high  to  cause  the  formation  of  oxi-
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dining agents and  to mask the potential  bacterial  reducing activity,
and yet sufficiently  low to permit  the oxygen  dissociation  of a large
proportion  of  the  hemoglobin.  It  is  probable  that  most  if  not  all
of the  hemoglobin  destroyed  was  oxidized  to  methemoglobin  as the
presence  of a considerable  amount  of this pigment was  confirmed by
spectroscopic  examination.  That  no  methemoglobin  was  formed  in
the test carried out in the absence of oxygen was to have been expected.
In the preceding paper it was shown that the ratio between  hemo-
globin  and methemoglobin  which is established  in a mixture of blood
and pneumococci  may be altered in either direction by changes in the
tension  of  molecular  oxygen.  Similarly,  when  hemoglobin  which
has  been formed by the reducing  action  of anaerobic  bacteria  upon
methemoglobin  is  subsequently  freely  exposed  to  air,  part  of  the
TABLE  III.
Influence of Oxygen Tension upon the Oxidation of Hemoglbin by Anaerobic Bacilli.
Oxygen dissociation of oxyhemoglobin.
Oxygen tension.  HbO-+ Hb  MetHb formed.
HbOs  Hb
mn.  pr  cent  per cen  mu  mu
0  0  100  2.87  0.0
20  50  50  2.30  0.6
710  100  0  2.65  0.2
Control.  - - 2.85  -
hemoglobin  is  reconverted  to  methemoglobin.  The  reversal  of  the
reaction in this instance may be explained by the fact that the anaero-
bic bacteria  possess. both oxidizing  and reducing  power,  as do pneu-
mococci,  and hence  can either oxidize  or reduce  the blood  pigments,
depending  upon the presence or absence  of molecular oxygen.
Activation  of  the  Reducing  and  Oxygen-Consuming  Powers  of
Washed Anaerobic Bacilli.
In  previous  papers  it has  been  shown  that  washed  pneumococcus  cells  by
themselves cannot  establish  reducing conditions  or form  oxidizing  agents  (2,.15,
17-19).  Thus, washed  pneumococci or saline  extracts of  them can neither reduce
methemoglobin  and  methylene  blue  nor  oxidize  hemoglobin  until  the "incom-
plete"  oxidation-reduction  systems  of  the washed  cells  are "completed"  by  the
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addition  of  certain  substances  (meat  infusion,  yeast  extract,  etc.).  Similar
relations  have been  reported  for other bacteria by  Harden  and Zilva  (20)  and
by  Gillespie  (12).
Experiments were made to determine if the washed  cells of anaero-
bic  bacteria  by  themselves  can  consume  oxygen  and  establish  re-
ducing conditions, or if the washed  cells require the presence of other
substances  in  order  to  exhibit  these  activities.  These  experiments
were similar in nature to those previously made with the washed cells
of  Pneumococcus.  Tests  were  made  of  the  reducing  and  oxygen-
consuming  powers of  suspensions  of  the  washed  cells  alone,  and  of
mixtures  of  different  substances  (glucose,  meat  infusion,  etc.)  with
unheated and heated suspensions  of the washed bacteria.
The establishment of reducing conditions  was determined by the use of methy-
lene  blue as well  as methemoglobin.  A series was included in which  the deoxy-
genation  of  oxyhemoglobin  served  as an indicator  of the ability of the different
mixtures to consume  molecular  oxygen.  The  various  substances  added  to  the
washed  cells  included  glucose,  meat  infusion,  alcoholic  extract of  potato  juice,
and  alcoholic extract  of meat infusion.
Suspension of Washed Anaerobic Cells.-A 9 hour culture of B. histolyticus was
centrifuged;  the cells were washed in sterile salt solution and suspended  in sterile
0.1  M  phosphate solution  (pH 7.5).  One-half of  the suspension  was  heated  10
minutes  at 1000C.  to inactivate thermolabile cellular  substances  involved  in the
oxidation-reduction  systems  of the  anaerobes.
Substances Added to  the Washed Cells.-Glucose: sterile  2 per cent  glucose  in
0.1  X  phosphate  solution  (pH  7.5).  Meat Infusion: meat infusiori  prepared  as
described  in  a preceding paper  (19),  adjusted to pH 7.5  before  use.
Alcoholic  Extract of  Potato Juice.-Freshly expressed  potato  juice  was  ex-
tracted  in six times its volume  of redistilled alcohol.  The alcoholic  extract was
concentrated  almost to dryness  at  500C. in vacuo  and extracted  again  in 95 per
cent alcohol.  The second alcoholic extract was concentrated  to dryness in vacuo
and  the residue was taken up in sterile phosphate solution  (pH 75) to a volume
equal to twice that of the original potato juice.  Precautions were taken  to pre-
vent oxidation  throughout  the procedure.
Alcoholic Extract of Meat Infusion.-Meat infusion was  concentrated  to one-
twentieth  its  original  volume  on  the water  bath.  The  residue  was  extracted
twice  in  redistilled  95  per cent  alcohol  and finally  concentrated  to  dryness in
vacuo.  The  final  residue  was  taken  up  in 0.1  M  phosphate  solution  (pH  7.5)
to one-tenth  the volume of the original meat infusion.
All of these substances  were sterilized  by boiling for 20 minutes.
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The  results  of  these  experiments  were  quite  similar  to  those  ob-
tained  in  experiments  of  the  same  nature  with  Pneumococcus  (2,
15,  18,  19).  The washed anaerobic  cells by  themselves  exhibit prac-
tically no reducing or oxygen-consuming powers, although the washed
cells of the anaerobic bacilli are  not so completely  devoid of residual
reducing  power  as  are  washed  pneumococci. 8 When  mixed  with
glucose, meat infusion, or the alcohol-soluble substances from potato or
muscle  juices,  the  washed  bacteria  rapidly  reduce  both  methylene
blue  and  methemoglobin.  The  constituents  of  the  bacterial  cells
which function  in the reducing  actions are  thermolabile,  as mixtures
of the heated  washed  cells and meat infusion  (or other "complemen-
tary"  substances)  exhibit  no  greater  reducing  action  than  do  the
"complementary"  substances themselves.
Approximately  identical  conditions  seem  to  be  required  for  the
consumption  of  molecular  oxygen by  the washed  anaerobic  cells as
for the establishment  of reducing  conditions.  Oxyhemoglobin  is de-
oxygenated  with rapidity  only by those  mixtures which  actively  re-
duce methemoglobin  and methylene  blue.
Influence  of Exposure of Air upon  the  Subsequent Reducing Activity
of Cultures of Anaerobic Bacteria.
From the early literature  (21-24)  it is evident that both the bacterial cell  and
the  culture fluid  participate  in  the total  reducing  activity  of bacterial  cultures.
In the  case  of pneumococci,  the  reducing  activity is almost  entirely  dependent
upon  intracellular  systems,  and  the  soluble  products  of  growth  which  appear
in the culture fluid add little or nothing to the total reducing  power of the whole
broth culture.  On  the other  hand,  in  the  case  of  anaerobic  bacilli,  while  the
major  portion  of  the total  reducing  power  of  a broth  culture  is derived  from
systems  which  are  resident  within  the  cell,  these  organisms  give  rise  during
growth  to  substances  which  themselves  contribute  additional  reducing  action.
In  this  instance,  the  culture  fluids  entirely  free  from bacterial  cells  exhibit  a
certain  degree  of  reducing  power  which,  however,  is but  a small  part  of  that
manifested  by  the  whole  culture.  The reducing  agents  in cell-free  filtrates  or
in the supernatant  of anaerobic  cultures  are comparatively  thermostable,  resist-
s A slight reducing action, however, still persists in the case of washed anaerobic
cells, as some reduction  may be detected after  a week's incubation.  The anae-
robes apparently are less easily washed free of all reducing substances than is the
case  with Pneumococcus.
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ing. boiling for 30 minutes.  On the  other hand,  the reducing agents which  are
intracellular are  easily  inactivated  by  heat and  appear  to be similar  in  nature
to the  thermolabile  cellular  constituent  which  has  been described  in  sterile ex-
tracts  of pneumococci.
The  reducing  power  of broth  cultures  of  anaerobic  bacilli  suffers,
a rapid loss upon exposure. to air.  The loss in reducing power follow-
ing  aeration  may be  attributed  to  the  inactivation  of  cellular  sub-
stances.  These  reactions  would  seem to  be similar to  those  already
described  in the  case  of  sterile  pneumococcus  extracts  (15,  18,  19)
of which it has been shown that the loss in reducing power is due to
the inactivation  of the thermolabile  cellular constituent of the reduc-
ing  system  (25).  When  these  thermolabile  cellular  substances  are
inactivated  the  bacterial  cell  is  unable  apparently  to  maintain  the
reducing  conditions  which  depend upon the activity  of cellular con-
stituents  of  this  nature.
Oxidation of Hemoglobin  and Reduction of Methemoglobin by  Sterile
Plant Tissue.
That plant  tissue in  the presence  of molecular  oxygen forms  oxi-
dizing  agents of peroxide  nature is one of the oldest  observations  in
plant  physiology.  In  previous  experiments  living  pneumococci,
sterile extracts of pneumococci,  and anaerobic bacilli have been found
under  appropriate  conditions  of oxygen  tension to exhibit properties
of oxidation  and  reduction.  These  organisms  have  been  found  ca-
pable of converting hemoglobin  to methemoglobin  in the presence of
molecular  oxygen.  The  active  oxidizing  agents  concerned  in  these
reactions appear to be similar in nature to the substances formed when
plant tissue is exposed  to air.  Similarly  the reducing  powers of the
bacterial  cells are paralleled  by analogous  reactions  in plant  tissues.
Although  possessing  these  properties  in  common,  the  plant  tissue
differs from the  particular  group  of microorganisms  studied  in  that
it  is  generously  endowed  with  catalase  and  peroxidase,  enzymes
which destroy peroxides.
Because  of  these  relationships  the  oxidizing-reducing  action  of
sterile plant  tissue  upon hemoglobin  and  methemoglobin  has  been
tested.
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Sterile Plant Tissue.-As  examples  of  the  action  of  plant  tissue,
potato  has  been  selected  since  the  peroxides  formed  by  this  tissue
are  readily  demonstrable.  Sterile pieces of  potato  were obtained  by
the  aseptic  procedure  used  in this laboratory  in the  preparation  of
"potato  broth"  for microbial culture media  (26).
Immediately after its excision, the sterile potato tissue was dropped
into tubes containing sterile solutions of oxyhemoglobin and of methe-
moglobin.  The  tubes  of  the  methemoglobin  reduction  series  were
TABLE  IV.
Oxidation of Hemoglobin and Reduction of Methemoglobin by Sterile Plant Tissue.
Oxidation of Hemoglobin.
Ferrous
HbO2 + potato tissue.  hemoglobin  Rb oxidized.
(HbO, + Hb).
mm  mu
Original .......................................  3.44
After 12 hrs. at 25°C ............................  2.59  0.85
Reduction of Metheinoglobin.
eeopttuTotal O  Ferrous  Ferric  MetHb
Methemoglobin' +potato  tissue.  hemoglobin  o  t  Hb  hemoin  rdb (HbO2H  (HbO  0  H2b2i  4  Metr
' Metb).  H.  b).
mm  mm  mm  mu  mm
Original ........................  3.35  0.7  0.40  2.95  -
After 24 hrs. at 25
0C ............  3.35  0.0  1.09  2.26  0.69
"  48"  "  25
° " ...........  3.35  0.0  1.68  1.67  1.28
* A  mixture  of MetHb,  HbO2, and Hb.
t Total  hemoglobin  minus  ferrous  hemoglobin.
sealed  with  sterile  vaseline.  Both  the  hemoglobin  oxidation  (un-
sealed) and the methemoglobin reduction  (sealed)  series of tubes were
incubated  at  250C.  Analyses  of  oxygen  content  and  hemoglobin
determinations  were  made  at  the  periods  shown  in  the  protocol.
The sterility of all test mixtures was proved by subcultures made at
the time of the analyses.
Typical examples of the results are presented in Table IV.
The  data  presented  in  Table  IV  illustrate  the  action  of  sterile
plant tissue upon hemoglobin and methemoglobin.  Like pneumococci
545HEMOGLOBIN  AND  METHEMOGLOBIN.  II
and  certain anaerobic  bacilli, plant tissue  can oxidize  hemoglobin or
reduce  methemoglobin,  the  reaction  induced  being dependent  upon
the  tension  of  molecular  oxygen.  As  previously  illustrated  in  the
case  of anaerobic  bacilli  and sterile  animal  tissue,  the  potato tissue
can establish its own reducing  conditions  in a sealed  system initially
containing  a  considerable  amount  of  molecular  oxygen.  In the ab-
sence  of molecular  oxygen,  the potato tissue reduces  methemoglobin
to  hemoglobin.  In  the presence  of  molecular  oxygen,  hemoglobin
is oxidized to methemoglobin.  It  is quite  probable  that the  active
oxidizing  agents  involved  in methemoglobin  formation  are  the  per-
oxides formed  by the union  of molecular  oxygen with  autoxidizable
constituents  of  the  potato,  such  as  are the  lipoidal  substances  iso-
lated by Gallagher  (27).  The oxidation of hemoglobin to methemo-
globin by the potato, thus, is a reaction quite similar to the oxidation
of  guaiac  to its blue  oxidation  products.  With  pneumococci,  both
hemoglobin  oxidation  and  methemoglobin  reduction  involve  the
participation  of a thermolabile  cellular  constituent.  In the case  of
potato,  however,  both  of  these  reactions  can  be  induced  by  ther-
mostable  alcohol-soluble  substances,  quite  independent  of ferment
participation.
DISCUSSION.
In a study of the oxidation-reduction  of blood pigments  by anaero-
bic bacilli,  certain  resemblances  are revealed  between  the  action  of
these  organisms  and  that  of  pneumococci.  Depending  upon  the
tension  of  molecular  oxygen,  both  pneumococci  and  the  anaerobic
bacilli  studied  oxidize  hemoglobin  or reduce  methemoglobin.  The
oxidizing activity of pneumococci in the presence  of air is much more
marked than is their reducing  activity in the absence  of air.  On the
other  hand,  the  reducing  activity  is much  more  pronounced  in  the
case  of  the  anaerobic  bacilli.  These  differences  are  well  exempli-
fied by the  action of these  two  groups  of microorganisms  upon  the
blood  pigments.  The  readiness  with  which  pneumococci  oxidize
hemoglobin  and  the facility with  which  anaerobes reduce  methemo-
globin are  illustrations  of these  differences.
Principles  similar  to  those  previously  described  for  pneumococci
seem to be involved in the operation  of some at least of the oxidation-
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reduction  systems of  anaerobic  bacilli.  The  washed  cells  by  them-
selves  can  neither  consume  molecular  oxygen  nor  establish  strong
reducing  conditions;  the  rapid  reduction  of  methemoglobin  and  of
methylene  blue  occur  only  when  certain  substances  such  as glucose,
meat  infusion,  and  so  forth,  are  added  to  the  washed  cells.a  The
optimum oxygen tension  for the oxidation  of hemoglobin by anaero-
bic bacilli  agrees  with  that  previously  established  for  pneumococci
(15).  The optimum  conditions  are  provided  when  the oxygen  ten-
sion is sufficient  for the formation of an active  concentration  of oxi-
dizing agents  without  preventing  the  necessary  oxygen  dissociation
of the oxyhemoglobin.  In the  absence  of oxygen,  anaerobes do not
oxidize  hemoglobin  to  methemoglobin.  Indeed,  experiments  to  be
reported later show that if hemoglobin is stored in the presence of these
bacteria,  in  sealed  containers,  the  reducing  conditions  provided
greatly  inhibit  or  wholly  prevent  the  "spontaneous"  formation  of
methemoglobin  which  ordinarily  occurs  in  sterile  blood or oxyhemo-
globin  solutions.
While  it is  desired  not  to project  too  far  the  experimental  facts
observed,  the  formation  of  oxidizing  agents by broth suspensions  of
anaerobic  bacteria  when  saturated  with air,  presents  certain  imme-
diate  and interesting  suggestions.  It is  possible  that the  same  oxi-
dizing agents which  oxidize hemoglobin  are involved  in  the injurious
action of air upon the more strict anaerobic bacteria.  Since the hemo-
toxin,  enzymes,  and  other  cellular  constituents  of  pneumococci  are
inactivated  by  oxidizing  agents  of  this  nature,  the  injurious  action
of  air upon anaerobic  bacteria  may  involve a  similar inactivation of
important  cellular constituents.  Anaerobes are apparently  devoid of
catalase  and  Avery  and  Morgan  (6)  and  McLeod  and  Gordon  (7),
have  suggested that the  failure of anaerobes  to grow  in the presence
of air is due  to the injurious action of peroxides formed by the union
of molecular oxygen with autoxidizable cell constituents.  In spite of
the absence of catalase' in anaerobic bacteria, attempts to demonstrate
the  formation  of  peroxides  by  anaerobes  have  been  unsuccessful
(McLeod  and  Gordon  (7),  Callow  (8)).  However,  peroxides  are
rapidly destroyed  by reducing  agents and moreover  the  detection  of
peroxide  when  added  to broth  itself is much  more  difficult  and the
test is much less delicate than in dilute, aqueous solutions.
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The  experiments  presented  also  illustrate  "the  native  ability  of
anaerobes  to  reduce  their  environment,  and  thus  create  their  own
anaerobiosis  if not overtaxed"  (Clark  (5)).  If large numbers  of ac-
tively  growing  cells are  removed  from  an anaerobic  culture  at  the
height  of its  growth activity,  they  consume  molecular  oxygen  with
astonishing  avidity.  If the  system  be  sealed  to  prevent  continued
access of air, the anaerobes consume every detectable trace of molecu-
lar oxygen even in the face of a considerable  reserve provided by the
dissociation of molecular oxygen from oxyhemoglobin.  The establish-
ment of reducing conditions in such systems is of some theoretical in-
terest.  Clark  (14,  28)  has  pointed  out that  it is theoretically  im-
possible  for significant amounts  of molecular oxygen  to exist  at the
reduction  potentials  manifested  in  cultures  of  anaerobic  bacteria,
provided that molecular  oxygen  is actually  in  equilibrium  with  the
system.  Our data show that if any molecular  oxygen persists in the
above systems of initially high oxygen  content,  it is in amounts  im-
possible to detect by gasometric  methods.
The inherent  reducing power  of anaerobic  bacteria  which is illus-
trated by their action upon blood pigments  probably also offers con-
siderable protection  to the anaerobic  cell when  exposed  to molecular
oxygen.  Since this function  is resident  in the cell it is evident that
when  exposed  to air large inocula  of young  anaerobes  can establish
reducing  conditions  and survive when  smaller  numbers  of  the same
cells would be "overtaxed,"  or in fact killed.
The tissue of potato,  like Pneumococcus,  forms peroxides  upon ex-
posure to air, but the vegetable tissue,  unlike pneumococci and anaero-
bic bacilli, is rich in catalase.  The potato tissue, like the two groups of
bacteria,  both  oxidizes  and  reduces  the  blood  pigments.  In  the
absence  of  molecular  oxygen  the  sterile  vegetable  tissue  converts
methemoglobin  to  hemoglobin  and  in  the  presence  of  air  oxidizes
hemoglobin to methemoglobin.
SUMARY.
The  oxidation-reduction  systems  of  anaerobic  bacteria  manifest
their  action  upon  the  blood pigments  by  marked  deoxygenation  of
oxyhemoglobin,  prompt reduction  of methemoglobin  to  hemoglobin,
and to a less marked degree oxidation of hemoglobin to methemoglobin.
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The action of sterile plant tissue upon oxyhemoglobin,  hemoglobin,
and methemoglobin has been studied.  The oxidations and reductions
of the  blood pigments  which  are  induced  by  sterile plant  tissue are
similar  to  the  reactions  which  are  brought  about  by  pneumococci
and  by  anaerobic  bacteria.
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